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SUMMARY

Boiling-burnout heat-transfer rates were measured wlth water flow-
ing vertically upward in electrically heated tubes. Flow stability in
the experimentel test section during burnout was affected by the amount
of pressure drop across a throttling valve loceted upstream. As the re-
striction pressure drop across the valve was increased, the magnitude of
the flow fluctuations in the test section decreased and the burnout heat
flux increased until the pressure drop exceeded a critical value. For
further increases in pressure drop, the flow was steady and the burnout
flux was independent of the pressure drop across the throttling valve.
The minimum restriction values required to stabilize the flow varied
nearly linearly fram 5 to 100 pounds per square inch with an Increase
in velocity from 0.5 to 40 feet per second; these values were independent
of the pressure ‘drop across the test section.

A compressible volume introduced in the flow system between the
throttling valve and the test section resulted in unsteady flow during
burnout. The larger the volume, the greater were the flow fluctustions
and the lower were the attendant burnout heat-transfer rates.

Burnout heat-transfer rates were measured in the stable-flow region
for a range of velocity from C.l to 98 feet per second, pressure ranging
from atmospheric to 100 pounds per square inch, inlet subcooling from 0°
to 140° F, tube diameters from 0.051 to 0.188 inch, and length-to-
diameter ratios from 25 to 250. The resulting burnout heat fluxes
ranged from 0.9 to 13.2x108 Btu per hour per sdquare foot. Net steam
was generated for all stable-flow canditions, and two regimes of burn-
out were obtained. In the low-velocity high-exit-quality region, the

data were correlated by the relation (Q/s) D°+2 (L/p)0-85 = 270 g0.85
for G/(L/D)% <150, and in the high-velocity low-exit-quality reglon
vy (@/8) pP+2 (1/D)C+15 = 1400 GO-5 ror G/(L/D)2 > 150, where Q/S
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is the heat flux, D 1s the inside tube diameter, L/D 1s the length-
to-dlameter ratio, and G i1is the mass-flow rate. At the transitional

value of G/(L/D)2 of 150, the exit quality varied from 40 to 60
percent.

INTRODUCTION

The high heat-transfer rates obtainable with the forced-convection
nucleate boillng process are attractive for use in cooling components of
rocket motors and nuclear reactors. For most applicatlions, a knowledge
of the maximum hest-transfer rate, or boiling burnout, is required. Many
studies of boiling burnout have been made with a varliety of coolants and
coolant-flow systems. FEmpirical correlations, while successfully cor-
relating results from a single study, have not met with much sguccess
when used to compare results of other investigations. This variation
has resulted in much uncertainty in predicting maximum heat-transfer
rates and 1s due largely to the effects of flow—system characteristics
on flow instability and boiling burnout.

Relations between flow instability and boiling burnout are pre-~
sented 1n reference 1. Reference 2 shows that, in a flow system using a
centrifugel pump, flow stability and burnout were affected by the pump
characteristics. In reference 3, a pressure-volume coolant supply was
used. It was found (ref. 3) that flow instebility and burnout occurred
at low heat fluxes when the flow rate was controlled by & restriction
located downstream of the experimental test section, and that a tenfold
increase in burnout heat flux was obiained by greatly restricting the
flow upstream of the test section and discharging the flow from the test
section eilther into a compressible-volume tank or to the atmosphere.

These results indicete that the flow-system characteristics have a
large-order effect on flow stability and the attendant burnout heat
fluxes. Hence, the factors affecting flow stability need to be defined
in order to compere the burnout results obtelned by varlous investigators
using & variety of flow systems.

The purpose of the present study is to investigate the effects of
Tlow-system characteristics on flow stabllity end burnout. An open
cycle or once-through flow system similsr to that used in reference 3
was chosen, and the flow was restricted upstream of the test section and
discharged into a compressible volume at the exit of the test section.
With this system, flow stability and burnout can be defined by deter-
mining the pressure drop across the flow restriction in addition to usual
burnout variables, such as flow rate, pressure, temperature, and tube
geometry,
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The effects of flow restriction and compressible volume on flow
stabllity are surveyed with water flowing in tubes. In the stable-flow
reglon, burnout is determined for a wide range of tube geometry and
flow-rate values. The results are presented in graphical and tabular
form.

SYMBOIS

The following symbols are used in this paper:

b inside tube diameter, £t

B voltage drop across test section, v
G mass-flow rate, 1b/(hr)(sq ft)

he enthalpy of saturated liquid, Btu/lb

hp g latent heat of vaporization for pressure at exit of test sec-
? tion, Btu/lb

hy enthalpy at test-section inlet, Btu/lb

I current flow through test section, amp

K conversion factor, watts to Btu/hr

L length of test section between inner faces of electrical bus
clamps, ft

L/D length-diameter ratio, dimensionless
hs) pressure, lb/sq in.
Q total heat input to test section, Btu/hr

Q/s  heat flux, Btu/(hr)(sq £t)

S inside surface area of tube, sq ft
T temperature, °F
W flow rate, 1b/hr

b 4 exit quality of steam
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APPARATUS
Arrangement of Apparatus

Preliminary. - Schematic dlagrams of the arrangements of the appa-
ratus are shown in figure 1. The original arrangement shown in figure
1(a) is similsr to arrangement B used in reference 3. The distilled-
water supply system included two 10-gallon storage and degassing tanks
and two S5-gallon accumulators. Degassed water was contalned in the
neoprene bladders in the accumulators. Nitrogen, supplied to the out-
side of the accumulator bladders through & pressure-regulating valve,
was used to force the water from the accumilators through the flow-
control valve, flowmeters, preheater, and test section into the dis-
charge tank.

co8T

Power was supplied to the preheater from & 10-volt, 100O-ampere,
alternating-current supply. The preheater consisted of a 3-foot length —
of 5/8-inch-diameter stainless~steel tubing.

Electric power was supplied to the test section fram a 208-volt,
60-cycle supply line through an sutotransformer and a 18:l-ratlo power
transformer., The maximum power available &t the test section was 25
volts at 2500 amperes. 1

The flow-system piping upstream of the test section consisted of
3/8-inch-diameter stainless-steel tubing with l/is-inch-thick walls.
A Il-inch-dismeter hose was used to connect the exit end of the test sec- w
tion to the discharge tank in order to minimize flow restrictions down- —
stream of the polnt of burnout. i

Finsl. - The final arrangement of the epperatus-le shown in Tigure
l(b). The accumulators were connected in series instead of parallel in
order to eliminate the diffusion of nitrogen into the water flowing
through the test section. The test section and prehester were combined
into a single tube. The throttling and fléw-control valves were relo-
cated just upstréam of the test section and preheater; two valves were
used to provide both coarse and vernier control of the flow rate.

Experimental Test Section

Diagrams of the test section are shown in figure 2. A typical sec-
tion, shown in figure 2(a), was made from type-347 stainless-steel tub-
ing. In all the test sections except the 0.188-inch-diameter tubes, a
stainless-steel bushing was silver-soldered to each end of the sectionm,
and then, a collar (3/8-in. diem., 5/8-in. long) was placed over the
bushing and was silver-soldered to the bushing. The heated length was -
the distance between the imner faces of the collars. The unheated -
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length at each end of the test section was 3/16 inch, campared with the
7/B-inch length used in reference 3. The test-section dimensions were
as follows:

Inside Heated length- Unheated |Wall |Wall
diam- diameter ratio length- |thick-|thickness~
eter, diameter |ness, |inside
in, ratio in. diameter
ratio
0.051 50,100,150,200,250{ 7.3 |0.033 0.65
.051 250 7.3 074 1.45
.076 50,100,150,200,250| 4.9 .040 53
.096 50,100,150,200,250| 3.9 .057 .59
.123 |25,50,100,150,200,250( 3.0 .085 .53
.156 |25,50,100,150,200,250| 2.4 .048 <31
.188 |25,50,100,150,200,250] 2.0 .0935 «50

The test sections were polished and degreased prior to installation
in the system. Each newly installed section was degreased by preheating
to about 700° F for 5 to 10 minutes before the tube was filled with
water.

For the majority of the runs conducted, the heated length of the
test section was varied by using the 250 L/D (length-diemeter) sections
and clsmping the inlet electric-power-supply cable at the desired locae-
tion along the tube length, as shown in Pigure 2(b). The test section
was- connected tc the flow system by means of S/B-inch Ermetto fittings.

In preheated runs, the preheater power-supply cables were connected
across the length of the tube that was not being hested by the main

power supply.

Instrumentation

Flow rate. - Rotameters with overlapping ranges from 1 to 500 pounds
per hour were used to meter the flow rate for the msjority of the runms.
A recording turbine-type flowmeter with a range of 50 to 400 pounds per
hour was available near the conclusion of the investigation for conduck-
ing runs in which the pressure drop across the flow-conirol valve and
test section exceeded 300 pounds per square inch, The measuring accurscy
of the flowmeters is +2 percent. The meters were calibrsted after each
series of rung, and dally checks were conducted.
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Pressure. - Pressure upstresm of the throttling and flow-control
valve and in the discharge tank was measured to within a 42 percent
accuracy with Bourdon gages. A Statham pressure pickup was used to re-
cord the pressure at the inlet of the test section during the preliminary
tests conducted with the apparatus arranged as shown in figure 1(a).

erature., - Water temperstures at the test~section inlet and exit
were measured with iron-constantan thermocouples enclosed in 1/16-inch-
diameter tubing located in the Ermetto fittings, as shown in figure 2(v).
Mixing baffles were not used, in order to avoid flow restrictions and
their effects on flow stebility. The inlet water temperature was at am-
bient conditlons for all the tests, so that mixing baffles were not re-
quired. Baffles at the exit are needed to measure the bulk temperature
when subcooled burnout is encountered; but, for the range of variables
investigated in the present report, net steam was generated for all the
runs except in a few cases where unsteady flow was encountered, and the
date were not recorded for these cases. The temperatures were measured
within +1/2° F. .

The outside wall temperature of the test section near the point of
burnout was measured with a bare, butt-welded, iron-constenten thermo-
couple looped around the test section 1/4 inch upstream from the exlt
collar of the test section (see fig. 2(b)) and held in tension against
the wall with & spring. The temperature was recorded on a sitrip-chart
recorder.

Some preliminery runs were made with thermocouples spot-welded to
the test section at frequent intervals to determine wall-temperature
distribution near the point of burnout. AL burnout conditions the wall
temperatures over the last 8 to 10 tube dlameters in length of the test
gection fluctuated Ffrom £10° to 25° F with the greatest fluctuations oc-
curring 2 to 4 tube diameters fram the exlt. Accordingly, a distance of
1/4 inch from the exit of the test section was used to detect the first
gigns of the change in the boillng mechanism from nucleste to transi-
tional or film beiling.

Power input. - Electric-power input to the test section and pre-
heater was recorded on volitmeter and ammeter recorders. The recorders
were calibrated, snd the measuring accuracy was within 12 percent.

EXPERIMENTAL TEST PROCEDURE

The water in the storage tanks was degassed by lowering the pres-
sure to the value for saturation conditions at room temperature and
allowing the water to boll for 15 to 20 minutes. The accumulators were

<87
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then charged with the degassed water, and the nitrogen pressure was regu-
lated at a value of approximately 300 pounds per square inch, which was
the pressure limit for the largest rotameter.

The flow rate was set at the desired value by adjusting the throt-
tling valve and the pressure in the discharge tank. The recording instru-
ments were put into operation, and electric power was supplied to the
test section in small increments until the wall tempersture started to
inerease rapidly. The power was then reduced slightly, and burnout was
reapproached more gradually. This operation was repeated, when necessary,
until the same conditions &t burnout were obtained for two comsecutive
trials. The conditions prevailing iIn the tube just prior to the wall-
temperature excursion were taken to be the burnout conditions. These
conditions indicate the change in boiling from the nucleate to the tran-
sitional or partial-film-bolling regime. This heat flux is usually de-
fined as the maximum or critical hest flux, rather than the burnout heat
Plux.

For the runs conducted at mass-flow rates greater than 2.5x106
pounds per hour per square foot in the test sections having & 0.051-
Inch inside diameter and a 0.074-inch wall thickness, the outside wall
temperature exceeded 700° F, and the iron-constantan thermocouple could
not be used to detect burnout. In this case, the power was increased
until a visible localized hot spot occurred at the exit of the tube,
which corresponds to the inception point of film boiling. The differ-
ence in heat flux between the two definitions of burnout is within the
accuracy of the measuremenis.

METHOD OF CAILCUILATTION
Heat Filux

The meximum or bhurnout heat~transfer rate was determined from the
ratio of the total heat Input to the test section to the inside surface
area of the test section by the relation

Q _ KEI

S = «DL

Preliminary tests showed that the wall temperature was nearly con-
stant along the length of the test section, so the difference between
the average value of heat flux and the local value at the point of burn-
out was essumed negligible.
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Quallty

The quality at the exit of the test section is defined as the weight
fraction of vepor per pound of ligquid-vapor mixture. This quality is
based on the total electrical heat imput to the test section, assuming
no heet losses, by the relation

_ h) + (KBI/W) - b,
hf’g

RESULTS AND DISCUSSION
Effects of System Characteristics on Flow Stabllity and Burnout

Nitrogen diffusion and arrangement of apparstus. - The variation of
burnout heat flux with mass flow is shown in figure 3 for various arrange-
ments of the apparatus. The results obtained with the preliminary
arrangement are shown in figure 3(a). The runs were made with the dis-
charge tank vented to the atmosphere. A pressure of 300 poumds per
square inch, which was the maximum gllowable pressure for the rotameters,
was maintaeined in the accumulator, and the flow rate was controlled by
the throttling valve located upstream of the rotemeters.

The recordings of the pressure at the inlet of the test section in-
dicated large pressure fluctuations at burnout, although no flow-rate
variations were indicated by the rotemeters. Check runs were made, and
burnout heat fluxes decreased with time. A slght glass was installed at
the exlt of the test section at the highest elevation point in the flow
system and was partially filled with water. With the flow-control valve
closed and & back pressure of 100 pounds per squere inch applied to the
system, the weter level was dlsplaced 10 cubic centimeters; this indicated
a compressible volume in the gystem downstream of the flow-control valve.
Nitrogen bubbles were noticed occasionally in the rotameters and probably
were entrapped near the exit of the rotameters, which was the highest
elevetion in the flow system.

The flow-control or restricting valves were relocated as near the
inlet of the test section as possible to eliminate the effect of the
accumulgtion of nitrogen pockets. Because the inlet pressure pickup
contributed a small compressible volume to the system between the relo-
cated flow restriction and the inlet of the test sectiom, it was removed
from the system, and no further attempts were made to measure the pressure
drop across the test section. These modifications resulted in an increase
in burnout flux of as high as 100 percent.

c98¥
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It was observed during additional check runs that the burnout heat
flux still diminished scmewhat as a function of running time. A sudden
increase in heat flux was obtained when the accumulstors were recharged
with water; this indicated that nitrogen was leaking or diffusing through
the bladders into the water.

The accumulators were changed from & parallel flow system to & series
connection thet elimingted any nitrogen from diffusing into the water
flowing through the test section. The burnout heat fluxes obtained with
this final arrangement were increased an additional 25 percent. The re-
sults were reproducible, and flow stebility was implied from the steady
wall-temperature recording immediately prior to the burnout transient.

In figure 3(b), the burnout heat fluxes cbtained with the final
arrangement of the apparatus are compsred with results obtalned in ref-
erence 3 with a flow system that was similar to the preliminary arrange-
ment of the present investigation. The present results are 25 to 85 per-
cent higher than those of referemnce 3; this indicates that the data of
reference 3 were probably influenced by nitrogen diffusion and compres-
gible volumes similar 4o those obtalned in the present investigation with
the original srrangement of the apparatus.

Compressible volume. - The effects of a campressible volume, located
between the flow restriction and the inlet of the test section, on burn-
out heat flux and flow stability were briefly surveyed. The results are
listed in table I and are shown graphicelly in figure 4. A sight glass
wag connected to the flow system at the test-section inlet as the volume
source. With no heat addition in the test section, the flow rate was
set at the desired rate. As the water level in the sight glass rose,
the entrepped alr was compressed to a pressure equivalent to the pres-
sure drop across the test section. This campressible volume was adjusted
to the desired value by venting the air to the atmosphere.

Wlth heat addition, the pressure drop across the test section in-~
creased, and the compressible volume decreased accordingly. When boiling
occurred in the test section, the liquid level in the sight glass fluctu-
ated; this indicated large flow fluctuations in the test section. For
mess-flow rates less than 0.6X108 pound per hour per square foot, the
liguid level cycled slowly over the length of the sight glass as burnout
was approached. The burnout flux varied over a wide range during the
cycle, and the values plotted in figure 4 were measured while the water
level in the sight glass was undergoing the least change in the cycle.

At higher flow rates, the burnout flux wes more easlly measured,
and the magnitude of the level fluctuations was reduced by several orders.
The frequency of the cycle changed from one cycle every 2 to 3 minutes
to several cycles per minute.
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In general, the results in figure 4 indicate that the burnout flux
1s reduced as the size of the compresslble wvolume 1s increased and that
a reduction of as much as 80 percent is obtained for a nominal value of
campressible volume of 106 cublc centimeters.

The compressible volume installed in the system also approaches the
case for flow in parallel cheannels connected t0 common headers and Iindi-
cates that the burnout heat flux and flow stability would be greatly
affected in parallel channels operating without & flow restriction in
each channel.

Flow restriction. - The effect of varying thé pressure drop across
the flow restriction on burnout heat flux and flow stability was investi-
gated. The final arrangement of the apparatus shown in figure 1(b) was
used. The preheater power supply wae not used, and the cables from the
test-section power supply were connected to the inlet and the exit of
the test section, The flow-restriction, or flow-rate-control, valves
were located at the entrance to the test section. Separate test sections
were fabricated for each length-to-diameter ratio investigated, so that
the heated length of the test sectlion corresponded to the hydrodynamic
length. These burnout results are listed in table II and are shown
graphically in figure S.

In figure 5(a), the burrnout heat flux 1s plotted agalnst the pres-
sure in the system upstream of the restriction for various test-section
lengths and & constant flow rate of 1. 78X106 pounds per hour per square
foot. The pressure at the exit of the test section was atmospheric, so
the gage pressure upstream of the restriction is equivalent to the pres-
sure drop across the restriction and the test section.

The runs were conducted by setting a pressure upsitream of the re~
striction of 800 pounds per square inch and then adjusting the flow-
restriction valve to give the desired flow rate. As the burnout heat
flux was approached, the pressure drop across the test section Increased,
and the flow valve was opened sufficiently to keep the flow rate constant.
The procedure was repeated for lower pressures upsiream of the restriction.

For the 50 L/D test section, the burnout heat flux wes independent
of the pressure drop across the restriction and the test section from 800
down to approximstely 105 pounds per square inch, In this pressure-drop
region, since the flow rate and the heat flux were constant, the pressure
drop across the test section was constant, and the reduction in pressure
drop corresponds to the reduction in pressure drop across the restriction.

When the pressure drop was reduced below 105 pounds per square inch,
the resulting burnout heat flux was reduced, and the flow became unstable.
For the lowest pressures, the flow rate fluctusted so much that the

£98%
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burnout heat flux was difficult to define. In thilis low-pressure-drop
region, the heat flux decreased, so the reduction in pressure drop cor-
responds to & reduction in pressure drop across the test section as well
as the restriction.

The 1limit between stable- and unstable-flow burnout 1s indicated
by the broken line faired through the knee of each curve (fig. 5{a)}.
The line represents the minimum pressure drops across the restriction
and test section required for stable-flow. . burnout; these values are
listed in the following table, together with other pertinent conditions:

Length- |Pressure Pressure Pressure | Burnout Exit
dlameter| drop across|drop across | drop heat flux, |quality
ratio restriction|restrictlon,| across Btu
and test 1b/sq in. |test (nr) (sq £t)
section, section,
1b/sq in. 1b/sq in.

50 105 33 72 3.1x108 | o.21
100 172 26 146 2.5 43
150 217 31 186 2,0 53
200 250 28 222 1.8 .59
250 260 31 229 1.3 .62

The part of the pressure drop due to the flow restriction could not
be measured directly, since the pressure measuring system installed at
the inlet of the test section introduced & slight compressible volume
and resulted in flow instability at lower heat fluxes.

The minimum pressure drop across the restriction required to obtain
flow stability was determined by a series of runs in whick the burnout
conditions at the knee of each curve (fig. 5(a)) were reproduced to de-
termine the positions of the flow-restrietion valve. After each valve
setting was determined, the flow system was disconnected at the exit of
the valve, and the pressure upstream of the valve was measured with the
flow discharging to the atmosphere. With no pressure recovery assumed
in the exit of the valve, the pressure drop across the valve is equlva-
lent to the measured upstream pressure. A value of approximately 30
pounds per square inch was obtained for each of the various-length tubes.

The pressure drop acrogs the test section can be acquired by sub-
tracting the restriction pressure fram the values of the minimum pressure
drop across the restriction, and also from the test required for stable
flow. The test-section pressure drop varied fram 72 pounds per square
inch for the 50 L/D tube to 229 for the 250 L/D tube. The independence
of the restriction pressure drop for a 3-to-1 varistion in the test-
section pressure drop is unexplainable, inasmuch as both pressure drops
occur upstream of the point of burnout.



12

Similar flow-stability tests, in which the flow rate was varied
over a wide range, were made with a 50 L/D test section.

are shown in figure 5(b).

limit, indicated by the dashed line, are listed in the following table:

NACA TN 4382

The results

Burnout conditions at the flow-stebllity

Flow rate, |Pressure Pressure Pressure |Burnout Exit
1lb drop across|drop across |drop heat flux, |[quality
(br)(sq f£t)|restriction restriction, across Btu
and test 1b/sq in. |test (br) (sq £t)
section, section, '
1b/sq in. 1b/sq in.
0.13x108 12 5 - 7 0.5x106 | 0.56
.0l © 60 22 38 1.5 47
1.78 108 33 75 3.1 21
3.50 125 57 68 4,1 .10
5.85 137 85 52 5.3 .05
8.75 ~ 137 100 37 5.8 0

The values of the pressure drops acrosse the restriction and the
test section are plotted in figure 6 as & function of flow rate. The
pressure drop across the restriction increased nearly linearly from S
pounds per squaere inch at 0.13x106 pounds per hour per square foot to
100 pounds per square inch at a flow rate of 8.75x106 pounds per hour
per square foot (0.5 to 40 ft/sec). The restriction pressure drop for
a flow rate of 0.51x10° pounds per hour per square foot was ignored in
fairing the curve. The test-section pressure drop increased rapidly
at first with flow rate and then decreased at the higher flow rates be-
cause of the reduction in exit quality, with the meaximum value occurring
at a flow rate less than approximately 1x106 pounds per hour per square
foot. The data are insufficient to determine the flow rate at which the
meximum tegt-gectlon pressure drop occurred. -

Effects of Tube Geometry and Flow Conditions on
Burnout in Stable-Flow Region

Typical high-quallity burnout condltions. - The wall-temperature
variation along the length of the tube for a typlcal burmout with high
exit quality is shown in figure 7. The outer wall temperature reached
a maximum value approximately one-fourth the distance fram the inlet.
At the exit of the tube, the wall temperature fluctuated about 20° F
Jjuet prior to burnout.

For constant heat addition along the tube, the quality and pressure
distribution along the length were calculated by iteration; the resulting

¢ 298P
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values are shown in figure 7. The water temperature incresses linearly
in the first quarter of the tube until the saturation value is obtained.
In the remaining length, the saturation temperature decreases with the
decrease in pressure along the length. The estimated inner-wall temper-
ature decreases with the decrease in saturation temperature; hence, the
difference between the wall temperature and the saturation temperature
is nearly constant for the remaining three-fourths length of the tube.

Tube diameter and length. - Burnout conditions in the stable-flow
region were determined for a range of tube dismeters from 0.051 to 0,188
inches and length-to-diameter ratios fram 25 to 250. Kach geametry was
investigated over a flow-rate range fram approximately 0.1 to 2.5X106
pounds per hour per square foot, or to & maximum value corresponding to
the maximum voltage available from the electric-power supply. The flow-
rate range was extended to 25x108 pounds per hour per square foot for a
tube diameter of 0.051 inch and length-to-diameter ratios of 50 and 250
by using thick-walled test sections. The resulbts are listed in table IIT.

Representative variations of burnout heat flux with flow rate and
length-to-diameter ratio are shown in figure 8 for a tube diameter of
0.051 inch. 1In the low-flow-rate range, the burnout flux varies directly
as the flow rate to the 0.85 power and inversely as the length-to-
diameter ratio to the 0.85 power. In the high-flow-rate region, the
heat flukx varies directly as the flow rate to the 0.5 power and in-
versely as the length-to-diameter ratio to the 0.6 power.

A maximum value of heat flux of 13. ZXlO6 Btu per hour per square
foot was obtained with the 50 L/D tube at & mass flow of 25x10° pounds
per hour per square foot. This corresponds to an inlet veloclty of
about 98 feet per second.

A comparison of the data fram tsble III for comstant values of
length-to-diameter ratio and mass flow indicates that the burnout heat
flux varies inversely as the tube diameter to the 0.2 power in the low-
velocity region and approximately to the 0.5 power at the higher
velocities.

The effect of tube geometry on burnout is shown in figure 9. All
the data from table ITI for the various tube geometries are compared in

figure 9(a), where the parameter (Q/S) (D)0-2 (1L/D)0<85 ig plotted

against the flow rate G for the Btu-pound-foot-hour system of units.
The data corresponding to burnout at high exit qualities are well repre-
sented by the solid line with a slope of 0.85. For lower quality burn-
out, the data break away from the solid line at flow rates of approxi-
mately 0.09, O.4, 1.5, and 5x106 pounds per hour per sguare foot for the
25, 50, lOO and 250 L/D tubes, respectively. The slope of the dashed
lines is 0.5. The scatter in the data for the S50 L/D test section is
due in part to en increase in the effect of tube diameter on burnout
heat flux.
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In figure 9(b), the separation of the low-gquality burnout data with
the length-to-diameter ratio is eliminated by dividing the ordinate
paremeter by (L/D)1+7 and the flow rate by (L/D)2. The correlation of
the data for high exit qualities is not affected, since the slope of the
line in this region is 0.85. The data are well represented by the
relation

(q/s) P2 (1/D)0+85 = 270 O-85 (1)
for values of G/(L/D)Z less than 150.

The data for the low-quallity burnout is represented by the relation
(Q/S) DO.Z (L/D)O'ls = 1400 G0.5 (2)
for values of G/(L/D)2 greater than 150.

The wider separation of the data in this region, as mentioned pre-
viously, could be reduced somewhat by ralsing the diameter in the ordi-
nate term to the 0.4 or 0.6 power instead of the 0.2 power. The range
of conditions does not overlap sufficiently to define fully the diameter
effect in this region.

The data for values of G/(L/D)2 near 150 were examined to see 1f
there was asny particular reason for the parameter being a dlstinguishing
limit on burnout regions. The exit quality varied from approximately 40
percent for the 0.188-inch-diameter tubes to 60 percent for the 0,051~
inch-diameter tubes.

The tube wall temperstures at the exit of the test sectlon varied
too lnconsistently to be of any use in distinguishing between the high-
and low~-quelity burnout regions.

It was noted in the flow-restriction tests shown in figure 6 that
the pressure drop across the test sectlion for a 50 L/D tube Increased
with an 1lncrease in flow rate to a maximum value for a flow rate of
approximately 1x108 pounds per hour per square foot and then decreased
with a further increase in flow rate. This value of flow rate for which
the pressure drop is a maximm roughly compares wilth a £flow rate of
0.6X108 pounds per hour per square foot for the limit of the two burn-
out regions for a 50 L/D tube and suggests an interrelation between test-
section pressure drop and burnout regimes.

Data from reference 4 for flow in a clirculsr tube with a diameter

of 0.94 inch and length-to-diameter ratios of 8.5 to 36 and in a rectangu-

lar channel with an equivalent diemeter of 0.168 and a length-to-dliameter
ratio of 256 are campared with equations (1) and (2) of this report in

c98%
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figure 9(c). The data are in good agreement with the present results
and indicete that the effect of diameter on burnout in the low-flow-
rate region is applicable for +tube diameters up to 1 inch.

Effect of variation of inlet temperature and exit pressure on
burnout. - Preliminary runs were made to determine whether the length
of the tube used for preheating had any effect on burnout in the test
section. The total heat supplied by the preheater was held constant
while the heat flux was increased by moving the downstream cable clamp
nearer the inlet of the tube. Burnout in the test section was not
affected by the heat flux in the preheater up to the condition of burn-
out in the preheater.

The effect of preheating on the burnout flux is shown in figure 10.
The ratlio of burnout flux at the inlet prehesting temperature to the
burnout flux at a reference temperature of 70° F is plotted against the
temperature difference between the inlet preheating temperature and out-
let saturation temperature. The data in figure 10 are tebulated in table
IV. As the inlet water temperature is increased from 70° to 212° F, the
burnout flux is reduced by as much as 20 percent. Figure 10 also indi-
cates a considerable increase in scatter of data over this temperature
renge with increased preheating. This scatter is primarily due to the
difficulty in accurately controlling the degree of preheating of the
water and to the introduction of instebility effects into the system
fram steam bubbles generated in the preheater.

The effect of back pressure on the burnout flux is shown in figure
11, where the ratio of the burnout flux &t a given exit pressure to the
burnout flux at atmospheric pressure is plotted against the mass-flow
rate, For the limited back pressures used, 50 and 100 pounds per square
inch, the burnout flux increased with increasing back pressure over the
values at atmospheric exit pressure by as much as 15 percent gt 100
pounds per square inch.

SUMMARY OF RESULTS

Boiling burnout was investigated for water flowing vertically up-
ward through electrically heated tubes with a flow-restricting velve
located before the test section; this water was then discharged into a
compresslble-volume tank. The effects of flow-system characteristics
on flow stability and burnout were briefly surveyed. For stable-flow
conditions, burnout was determined for tube diameters ranging from 0.051
to 0.188 inch, length-to-diameter ratios of ‘25 to 250; flow rates from
0.02 to 25x105 pounds per hour per square foot (0.1 to 98 ft/sec), inlet
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water temperatures of 720 to 212° P, and discharge pressures ranging
from O to 100 pounds per square inch. The results may be sumarized as
follows: .

1. Maximum values of burnout heet flux were obtained for stable
flow by restricting the flow upstream of +the test section. The minimum
pressure drop across the restriction required to stebilize the flow in-~
creased from 5 to 100 pounds per sdquare inch when the inlet flow velocity
was lncreased from 0.5 0 40 feet per second.

2. A compresaible volume introduced ln the flow system between the
Tlow restriction and the inlet of the test section resulted in unsteady
flow during burnout. The flow fluctuations increased and the burnout
heat flux decreased with an increase in the compressible volume.

3. Nitrogen 1n the water produced results simllar to those obtained
with a compressible volume at the test-section inlet.

4. Yor stable-flow conditions, net steam was generated at burnout.

Two regimes of burnout were cbtained. In the low-velocity high-exit-
quality region, the date were correlated by the relation

(q/s) p°-2 (1/D)0+85 = 270 g0+85 ror @/(L/D)% < 150
and in the high-velocity low-exit-quality region by
(e/s) p9+2 (1/p)0%+15 = 1400 GO+5 ror @/(L/D}2 > 150

where Q/8 is the heat flux, D is the inside tube diameter, L/D is
the length-to-diameter ratio, and G i1s the mass-flow rate.

5. At the limiting value of G/(L/D)2 of 150, the exit quallty
varied from 40 to 60 percent.

6. The burnout heat flux was decressed by as much as 20 percent
for an increase in water inlet temperature from 70° to 212° F.

7. An increase In exit pressure from atmospheric pressure to 100
pounds per square inch resulted in an increase in burnout flux of
approximately 15 percent.

Lewls Flight Propulslon Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, August 1, 1958

¢987%
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TABLE I. - EFFECT OF COMPRESSIBLE VOLUME ON BURNOUT

[Tube diameter, 0,096 in.; length-diameter
ratio, 100; exit pressure, atmospheric;
pressure upstream of restriction, 300

1b/sq in.]

Run |Compres- | Water Mass flow, [ Burnout
sible inlet G heat flux,
volume, | temper- 108’ /8

ce ature, 1 108’
T | T (eq £8) | Bta___
(hr)(sq f£t)

101 0 72 0.75 1.32

102 66 .42

103 72 «35

104 84 «32

105 104 .28

1086 12z o 31

107 144 .28

108 106 Y 352

108 .050 11

110 .088 17

111 .10 17

11z 15 .21

113 .19 .22

114 40 .22

115 .75 .32

116 1.02 .36

117 1.49 45

118 1.90 57

119 Z2.54 13

120 4,00 l.20

1zl 5.95 1.73

122 9.60 4.12

123 7.86 2.95

124 Y { 2.92 .92

[adala B
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TABIE IT.

- EFFECT OF FLOW RESTRICTION ON BURNOUT

[Tube diameter, 0.076 in.; exit pressure, atmospheric. ]

Run |ILength- | Water Pressure Mass flow, [Burnout
diameter | inlet upstream G heat flux,
ratio temper- |of re- 106’ efs

atgre ; |striction, 1b 106’
F 1b/sq in. m Btu
(br) (sq £t)

125 250 74 400 1.78 1,32

128 360 1.32

127 340 1.32

128 320 1.32

129 300 1.32

130 275 1.32

131 250 1.25

132 242 l.24

133 235 1.22

134 225 1.19

135 200 1.03

136 150 .80

137 100 «546

138 Y 60 374

139 200 275 1.58

140 250 1.58

141 245 1.56

142 240 1.54

143 220 1.46

144 175 l.14

145 125 .825

146 100 .66

147 Y 60 .538

148 150 250 1.96

149 225 1.98

150 215 1.83

151 211 1l.91

152 200 1.79

153 110 .99

154 Y Y 55 Y .56

19



20

TABLE II. - Continued.

EFFECT OF FLOW RESTRICTION ON BURNOUT

NACA TN 4382

[Tube diameter, 0.076 in.; exit pressure, atmospheric.]

Run |Length- |Water Pressure Maess flow, Burnout
diameter | inlet upstream G heat flux,
ratio temper- | of re- 108’ g[§,

atg;e, iﬁ;ictizn, 1b 108
@ 3me | (or)(sq £8) |__Btw
(br)(sq £t)

155 100 74 255 1.78 2.52

156 250 2.43

157 240 2.48

158 225 2.52

159 220 2.45

160 210 2.53

161 200 2.47

162 190 2.53

163 180 2.50

164 170 2.49

165 183 2.28

166 160 2.30

167 140 2.07

168 120 1.89

168 100 1.49

170 Y 55 .92

171 50 215 3.10

172 150 3.04

173 125 3.10

174 110 3.10

175 102 3.00

176 100 2.98

177 75 2.4

178 60 2.14

179 40 ¢ 1.39

180 66 .127 468

181 45 .48

182 33 433

183 17 406

184 12 467

185 9 432

186 5 «390

187 Y \ 2.5 Y 358

lalalat -8
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TABIE II. ~ Concluded.

EFFECT OF FLOW RESTRICTION ON BURNOUT

[Tube diameter, 0.076 in.; exit pressure, atmospheric.]

Run |Length-~ | Water Pressure Mass flow, Burnout
diasmeter | inlet upstream G heat flux,
ratio temper- | of re- 106 Qfs

ature, |striction, 15 108’
1b/sq in. |7——F—=
(hr)(sq £t) | ——BE& _____
(hr)(sq £t)

188 50 T4 100 0.509 1.5

189 70 1.5

190 60 1.5

191 535 l.44

182 45 1.35

193 20 Y .981

194 200 3.5 4,12

195 150 4.12

196 135 4,12

197 128 4,12

198 125 4£.12

199 110 3.88

200 79 3.4

201 50 Y 2.84

202 225 5.85 5.3

203 175 5.3

204 140 5.3

205 137 5.2

206 125 S.17

207 110 5.1

208 75 4,56

209 50 Y 3.65

210 200 8.75 S.79

211 165 5.79

a2la 140 5.79

213 135 5.83

214 130 5.69

215 110 5.6

216 75 S.3

217 Y # S0 Y 4.8

21
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TABLE IIT. - EFFECT OF TUBE GEOMETRY ON BURNOUT
[Exit pressure, atmospheric. ]

Run |[Tube |Length- |Water |Pressure [Mass flow, |[Burnout it
diam- |[diemeter |inlet |upstream G heat flux, [quality
eter, |ratio ‘temper- |of re- 106’ Q/8

in, ature, |striction, 1b 108’
Ib/sq fn. |Gy (oq 70) |__Btw
(br)(sq £t)

220 j0.,051 50 T4 250 0.11 0.55 0.88

221 .22 .99 « 17

222 «50 1.60 52

223 <70 1.86 &1l

224 «99 2.46 «36

225 1.5 3.19 «29

226 1.88 3.95 .29

227 » 2.32 4,35 24

228 Y A 2.81 4.65 «20

229 78 750 4.39 6.19 .15

230 5.45 8.85 «12

231 7.95 7.94 07

232 l2.2 8.80 .07

233 19.4 1l.1 ————

234 \ Y Y 25.2 13.2 ——

235 100 T4 250 11 «3L .97

236 20 o4 «95

237 AL .92 + 718

238 ol 1.08 .75

239 <70 1.39 .68

240 Y 1.03 2.07 .68

241 400 1.51 2.68 .59

242 1-84 5.22 -57 .

243 2.39 3.66 +48

244 2.84 3.86 4l

245 Y Y 3. 77 4.45 34

246 150 250 «lLl .22 1.0+

247 «20 « 36 .98

248 42 .66 .83

249 \ Y .51 .79 .81

250 72 400 o711 1.01 .73

251 .99 1.42 . 74

252 1.47 1.91 .66

253 1.91 2.50 .66

o5a| ¥ Y Y Y 2,38 2.81 .59

L

c98w
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TABLE ITI. - Contlinued. EFFECT OF TUBE GEQMETRY ON BURNOUT
Run |Tube |Lengbh- |Water |[Pressure |Mass flow, |Burnout Exit
diam~ [diameter| inlet |[upstream G heat flux, |quality
eter, |ratio temper-|of re- 106’ /s
in. atgre 5 |striction, 1b 108’
F o |/satn. \ Gyl re)| Btw
(br) (sq £t)

25510,051 200 7 250 0.1l 0.16 1.0+
256 f l .19 .26 .98
257 «38 «46 .86
258 72 400 «50 .56 .18
259 70 .80 « 79
260 1.03 l.12 « 15
261 1.49 l.54 « 70
262 1.78 1.80 o 14
263 Y Y 2.38 2,23 .63
264 250 T4 250 o1l .14 1.0+
265 .19 «22 1.0+
266 41 40 «87
267 300 «20 «48 .84
268 « 70 .66 83
269 .99 .88 +«18
270 1.38 1.1} .68
271 } 1.84 1.29 .57
272 78 700 4,6 2.86 .50
273 700 S5.67 3.36 47
274 800 6.80 3.80 44
275 850 8,07 4,09 37
276 870 9.7 4,45 33
277 920 1l.3 4,91 «30
278 930 12.9 5.37 «28
279 250 15.0 5.7 «25
280 16.1 6.16 «25
281 18.7 6.66 «22
282 | Y | 22,4 7.40 .20
283 ) 076 80 74 350 «85 1.00 «69
284 «30 1.09 .61
285 «38 1l.32 o7
286 b1 1l.52 +48
287 <71 l.82 «38
287 «99 2.65 41
288 1.48 3.20 « 3L
289 1.95 3.63 24
290 2,52 3.76 «17
291 3.04 4,16 .14
292 Y 1 78 Y 8.75 5.90 ————

23
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TABLE III. ~ Continued.

[ Exit Pressure, atmospheric. ]

NACA TN 4382

EFFECT OF TUBE GEOMETRY ON BURNOUT

Run|Tube |Length-~ |Water |Pressure |Mass flow, |Burnout Exit
diem-|diemeter|inlet |upstream G heat flux, |quality
eter,ratio temper-{ of re- l06’ a/8

in. ature, |striction, 67
1bfeq in. |2 10
(hr)(sq £t)|__Btu
(br)(sq £t)

293]0.076 100 76 350 0.13 0.2 0.73

294 219 46 .87

295 .31 «65 .72

296 38 .18 .71

297 52 1.02 «66

298 71 1.34 64

299 1.00 1.91 .64

300 - 1.51 2.46 «53

301 1.97 2.80 45

302 2.50 3,23 «38

303 3.04 3.53 o34

304 3.46 SeT4 3L

305 Y Y 4,91 4.30 .22

306 150 400 11 17 .87

307 ' «16 27 .94

308 31 «46 .19

309 39 «55 « 75

310 o1 74 .76

311 <71 .95 52

312 .98 1.30 87

313 1.51 1.75 «98

314 1.94 2.16 «25

315 2.51 2.60 «50

316 Y A \ 3.08 2,94 45

317 200 73 350 «10 12 .82

318 T .16 .20 .88

319 «30 33 .76

320 +38 42 .16

321 oSl 54 13

322 «T1L 13 70

323 1.03 1.05 <10

324 1.60 1.47 +60

325 1.95 1.78 .61

326] Y Y Y Y 2.44 2.01 .54

£o87
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TABIE ITI. - Continued. EFFECT OF TUBE GEOMETRY ON BUENQOUT
[Exit pressure, atmospheric. ]

Run|Tube |Length-~ (Water |Pressure [Mass flow, |Burnout Exit
diem- |diameter|inlet |upstream G heat flux, |quality
eter, [ratio temper- |of re- 105’ gzg’

in, ature, |striction, 1b 108
OF lb/sq in, (hI') (sq Tt) Btu
(br) (sq £%)
327|0.,076 250 73 350 0.051 0.061 1.0+

328 .098 .092 .82

329 16 15 .82

330 «30 25 «TL

331 «38 34 « 78

332 D2 46 o 77

333 .70 .59 .72

334 1.00 .81 .69

335 1.52 1.16 .64

336 .77 1.29 .61

337 Y Y r 1.88 1.34 59

338 ,096 50 76 «25 .92 .83

339 «30 1.07 59

340 «40 1.20 «49

341 53 1.35 «40

342 « 7O 1,77 38

343 99 2.16 ¢33

344 1.49 3.00 .28

345 1.90 3.35 23

346 2.48 3.81 .16

347 3.05 4,04 14

348 3.57 4.32 11

349 4,03 4,73 .10

350 4,94 5.16 .08

351 5.95 S5.24 04

352 5,95 S.44 .05

353 7.93 6.00 .02

354 Y Y 9.95 7.82 .02

355 100 300 14 «31 +« 78

356 24 «S0 « 71l

357 .30 «61 .70

358 «40 .78 <67

399 20 <94 64

360 .69 1.27 .62

361 «99 1.76 .60

362 1.48 2.23 49

363 1.91 2.66 A4

384 2,53 3.02 « 36

365 3.05 338 .32

366 3.49 3.67 «30

367 g Y Y 3.90 3.96 .28

25
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TABLE III. ~ Continued.

[Exit pressure, atmospheric. ]

NACA TN 4382

EFFECT OF TUBE GEOMETRY ON BURNOUT

Run|Tube |Length- |Water |Pressure [Mass flow, |Burnout Exit
diam- [diameter|inlet |upstream G heat flux, |quality
eter, {ratio temper~|of re- 108’ _QLS_

in, ature, |striction, 1b 108’
Io/sq 4n. | (eq £8)|_Btu ___
(br)(sq £%)

368]0.096| 150 76 0 0.10 0.17 0.92

389 .19 .28 .78

370 <30 A2 W74

371 4L W57 .72

372 .54 .70 .67

373 350 .69 .91 .67

374 .99 1.21 .62

375 1.50 1.71 .57

376 1.91 2.08 .53

377 Y 2,77 2.48 W42

378 200 .070 .078 .79

379 .12 W13 .79

380 .20 .23 .82

381 .29 .32 .78

382 .40 .43 W17

383 .51 .51 .70

384 .70 .72 al

385 1.00 .93 .64

386 1.51 1.32 .59

387 Y 2.07 1.70 .55

388 250 074 .073 .88

389 : .12 W1 .81

330 .19 .18 .81

391 .30 .28 .82

392 .40 o34 .73

393 .51 41 .70

394 .70 .57 al

395 1.01 .77 .64

396 # 1.53 1.08 .60

397 Y { Y 1.83 1.24 .56

398} .123 25 74 300 <044 A7 .94

399 074 .72 .83

400 ,107 .87 .68

401 .15 1.18 .63

402| Y. Y Y «20 1.27 49

cogy
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TABIE IIX. - Continued.

[Ex1t pressure, atmospheric. ]

EFFECT OF TUBE GEOMETRY ON BURNCUT

Run |Tube |[Length- [Water |Pressure |Mass flow, |Burnout Exit
diam- |dilameter|inlet |upstream G heat flux, ([quality
eter, [ratio |temper- |of re- 108° /s

in, ature, |strictlonm, 67
Ib/sq in. S R 10
(br)(sq £t) | __Btu
(br)(sq £t)

403(0.123 25 74 300 0.21 l.26 0.46

404 .28 1.51 .40

405 41 1.80 «30

406 «90 1l.21 24

407 «69 2.08 .18

408 1.02 2.37 .09

409 3.03 3.65 0

410 Y Y 3.55 4.07 0

411 78 1100 1.87 3.27 .04

412 Y 78 1100 1.04 2.62 J1

413 50 74 300 «020 o 15 1.0+

414 044 «26 1.0+

415 075 40 «94

416 « 107 +48 « 76

417 +16 « 70 «76

418 «20 .82 67

419 +28 «96 .54

420 34 1l.13 .53

421 «30 1.38 42

422 .69 1.43 «a7

423 1.01 1.99 «85

424 1.33 2,26 .20

425 1.94 2.64 .13

426 2.58 2,95 .09

427 3.086 3.26 <07

428 Y Y 3.60 3.54 .05

429 78 1100 4.29 3,78 04

430 78 1100 1.84 2,68 .16

431 100 74 300 075 020 .94

432 11 .28 .85

433 .16 39 .85

434 « 20 45 « 15

435 .28 .58 .70

436 42 .87 .70

437 50 .99 +66

438| ¥ \ Y Y .69 1.22 .56
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TABLE IIT. - Continued.

[Exit pressure, atmospheric. ]

NACA TN 4382

EFFECT OF TUBE GEOMETRY ON BURNCUT

Run |Tube |Length- |Water |Pressure |Mass flow, |Burnout Exit
diem~ |diameter|inlet |upstream G heat flux, |quality
eter, [ratic |temper- [of re- 108 /s

in, ature, [striction, 87
°F  |1b/eq in. |—2—u| ©
(ar) (sq £t) | BEx ____
(nr)(sq £t)

439 (0,123 100 74 300 1.06 1.67 0.49

440 1,33 1.95 .45

441 1,94 2.34 34

442 2.57 2.76 .29

443 3,03 2.99 .25

444, \ 3,74 3.30 .21

445 150 250 .051 W11 1.0+

446 .10 .17 .87

447 .20 .30 .75

448 300 .27 .40 .73

449 .39 .55 .70

450 .52 74 .72

451 .67 .90 .66

452 1,08 1.33 .60

453 1,33 1.55 .56

454 ¥ 1.65 1.75 .50

455 200 11 W14 .89

456 .16 .20 .88

457 .20 .25 .87

458 .28 .32 .78

459 .40 Al .75

460 .51 .56 .74

461 .70 .68 .64

a62| ¥ Y 1.10 1.02 .60

463| .156| 25 062 .52 .72

464 .10 .12 .59

465 .15 .87 45

466 .20 1.04 .38

487 .31 1.20 .26

468 42 1.37 .19

469 Y Y .50 1.49 .16

470 50 76 .056 .22 .64

471 .10 .37 .61

472 .15 .51 .54

473 .20 .64 .52

ara| | Y ¥ Y .29 .82 A3

£98%
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TABLE III. - Continued.

EFFECT OF TUBE GEOMETRY ON BURNOUT
[Exit pressure, atmospheric, ]

Run [Tube |Length- |Water |Pressure |Mass flow, |Burnout Exi
diem- |diameter |[inlet |upstream G heat flux, quality
eter, |ratio temper- [of re- 106’ /8

in. ature, |striction, 1b 108’
1b/sq in. | 5y (eq 76) | Bbtu
(hr)(sq £t)

475 1(0.156 50 74 300 C.71 . 1.51 0.30

476 «99 1.74 «22

477 1.54 2,22 1S

478 2.03 2,34 09

479 2.53 2.68 «07

480 3,01 2.86 .05

481 060 «25 .68

482 .10 <38 863

483 «16 52 <53

484 .20 .62 .49

485 «28 oIT 43

486 ' 51 1l.16 32

487 .60 1.35 32

488 .55 l.21 «30

489 <5l 1.11 «31

490 «48 1.07 32

491 +20 «63 50

492 .70 1.56 «31

493 1.02 1.71 «20

494 Y 1.64 2.14 12

495 250 2,00 2,23 .08

4396 3.14 2.72 <03

497 3.58 3.02 «03

498 ' Y 1100 2.76 2.67 .06

459 100 76 300 057 14 «84

500 «105 24 <79

501 <15 « 3L - 70

502 .20 42 « 73

503 «31 37 .62

504 «40 « 71 .58

505 «50 86 «55

508 W72 1.13 «30

507 1.01 1.45 «45

508 ¥ ¥ Y 1.21 1.66 42

509 150 73 250 057 .095 .88

510 l l .10 .18 .81

511 Y 15 22 N

29
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TABLE III. - Continued. EFFECT OF TUBE GEOMETRY ON BURNCUT
[Exit pressure; atmospheric.]

Run [Tube |ILength- |Water [Pressure |Masss flow, [Burnout Exit
diam~-|dismeter|inlet [|upstream G hegt flux, |quality
eter, |ratio temper- |of re~ 106’ g[g :

in. atg;e, striction, b 105,
/et \ESTTER | Bta
(br) (sq £t)

512 0,156 150 70. 250 0.19 0,27 0.71

513 K .30 .38 .63

514 | 40 .48 .60

515 0 51 .60 .58

516 Yy . T3 .83 .56

517 200 ' .058 .082 .74

518 . .10 W11 .76

519 : : . .16 A7 .72

520 : Y .18 .20 .75

521 71 .30 .29 .64

522 l .40 .36 .60

523 _ .52 .46 .58

524 ' 73 .53 47 .59

525 ‘ l .15 .18 .75

526 Y _ .059 .053 .78

527 250 71 : . .058 .062 .95

528 : .10 .10 .89

529 . .15 W14 .80

530 ' .20 .18 .81

531 ' W31 «26 .72

532 .31 .26 74

533 W31 .25 .70

5341 Y \ : W31 .28 .79

535| .188 25 74 .020 14 .59

536 .030 .23 .65

537 .040 W31 ,65

538 . .070 W47 .54

539 - .15 .80 .40

540 .21 .99 .35

541 .30 1.08 .22

542 W40 1.31 .19

543 Y .50 1.46 .16

544 : 72 .10 .66 .51

545 { .050 W34 56

546 50 _ .030 .13 .72

547 _l _ .050 .26 .78

5e8] ¥ ! Y .070 30 .74
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TARLE III. - Concluded.

[Exit pressure, atmospheric. ]

EFFECT OF TUBE GEOMETRY ON BURNOUT

Bun |Tube |Length- |Water |Pressure |Mass flow, |[Burnout Exit
diam- (diameter|inlet [upstrean G heat flux, |quality
eter, |ratio temper- [of re- 106’ efs

in, ature, |striction, b 106’
op Ib/sq in. |7—F——r
(br)(sq £t)|__Btu
(hr)(sq £t)

549 |0.188 S0 75 250 0.101 0.38 0.63

550 «15 48 49

551 «20 «60 «46

552 .30 .78 .39

553 .40 95 o34

554 .50 1.10 31

555 .70 1.45 «28

556 Y .70 1.32 25

557 Y 72 .70 1.32 .25

558 100 75 .051 .14 .99

559 .10 .24 .83

560 15 35 T4

561 «21 .42 <69

562 <30 +53 .58

563 <40 «68 S5

564 49 .82 «54

565 .52 .84 .53

566 .69 - 1.04 .48

567 1.02 1.43 43

568 Y Y 1.76 2.04 .33

569 150 72 051 .097 1.0+

570 72 .10 17 .89

571 76 «15 <22 77

572 .20 .28 .71

573 <30 «37 .63

274 &1 .48 +60

575 49 .58 .59

576 .70 .79 .55

577 .69 77 «55

578 r 1.04 1.12 e23

579 200 .051 .086 1.0+

580 .15 .20 .93

581 «20 22 « 1S

582 30 30 .68

583 «40 «38 63

584 50 47 84

585 «70° 59 «55

586 .81 .63 «49

587| ¥ Y Y Y .10 .10 .89

" 31
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TABLE IV. - EFFECT OF INLET TEMPERATURE ON BURNOUT

[Exit pressure, atmospheric; pr&dsure upstreeam of
restriction, 300 1b/sq in.)

Run |Tube Length~ |Water |Mass flow, |Burnout it
dlemeter,|dlameteriinlet G heat flux, |quality

in, |ratio |temper-| 6’ /s

; N

ature, 1B 108

fhriisq fti Btu

(ar) (sq t)

588 0.096 200 72 0.44 0.48 0.75
589 80 «4£5 &7 7
590 104 «45 .48 .78
591 112 43 odd « 70
592 125 43 46 .78
593 138 43 46 .79
594 146 b4 45 .78
595 1s6 44 ohd .78
596 175 ¥ -8 .79
597 186 A4 43 .79
598 198 44 42 .78
599 Y 210 odd 42 .78
600 50 114 43 1.23 .52
601 169 43 1,34 .59
602 208 .43 l.21 57
603 72 .98 2.46 37
604 112 .98 2,48 o4l
605 180 .98 2.46 46
606 200 .98 Z2.44 «50
607 72 .42 1.32 .22
608 72 1,92 .44 «27
609 118 l.92 J.44 «33
610 17 1l.92 3.44 37
611 Y 212 1.92 3.44 44
612 100 72 1l.92 2.73 47
613 120 1.92 2.66 .52
614 182 l.92 2.56 «54
615 200 l.92 2,56 .69
616 212 .99 1.67 .64
617 170 .99 1.67 .63
618 120 .99 1.75 «83
619 72 .99 1,80 «60
620 70 43 .88 .68
621 126 ' .43 .86 .13
622 170 43 .84 « 76
623 ' 205 43 .83 .77
624 200 70 1.01 .98 .65
625 120 1.01 .92 .66
626 170 1.00 «87 «67
627 212 1.01 .81 .66
628 70 1.75 1.56 .59
629 127 1.69 1.47 63
630 162 1.68 1.35 .61
631 ¥ r 212 1.67 1.29 .64
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TABLE IV. ~ Concluded.

[Bxit pressure, atmospheric; pressure upstream of

EFFECT OF INLET TEMPERATURE ON BURNOUT

restriction, 300 1b/sq in. ]

Run {Tube Length~ |Water [Mass flow, |Burnout Exit
diameter,| diameter |inlet G heat flux, |quality
in. ratio temper- 6’ /s
ature 10 8’
oF 4 1b 10
(hr)(sq £t)|__Btu
(br) (sq £t)

632 0.051 100 70 l.02 1.85 0.61
633 123 l1.02 1.81 «65
634 174 1.02 1.80 «69
635 205 1.02 1.78 .72
636 125 - 70 1.24 .64
637 170 .70 1.23 .68
638 200 ee Tl 1.33 .76
639 80 <71 l.41 .69
640 T2 2.37 2.82 .48
641 132 2.41 2.70 45
642 172 2.45 2,52 .42
643 Y 204 2.45 2.42 «40
644 200 12 1.57 1.49 .64
645 140 1.57 1.36 .64
646 176 1.57 1.37 .69
647 212 1.55 l.22 +85
648 212 1.03 .79 .63
649 180 1.02 .78 .72
650 130 1.00 .88 .64
651 80 1.00 1.05 <73
652 72 .12 .18 1.0+
653 Y 110 12 «15 .89
654 50 188 <49 1.61 .66
655 149 49 1.61 61
656 114 49 1.76 .62
657 80 «49 l.64 «D6
658 70 .99 2.35 34
859 120 .99 2.99 52
860 160 .99 2.99 .57
661 185 .99 3.19 .64
662 80 2.02 3.20 «19
663 112 2.09 3.36 23
664 Y Y 200 2.09 3.22 .31

33
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TABLE V. - EFFECT OF EXIT PRESSURE ON BURNOUT

[Tube dlameter, 0.096 in.; water inlet

temperature, 72° F; pressure upstream
of restriction, 300 lb/sq in.]

Run [Length- |Exit Mass flow, |Burnout [Exit
diameter |pressure, G , heat flux, |quality
ratio  |1b/sq in.| 106 a/s,

| 1f
(hr)(sq £t) |___Btu
(br)(sq £1)

865 100 0 0.20 0.43 0.76

666 .51 .94 .62

667 1.00 1.62 .53

668 1.48 2.17 .46

669 50 .48 .95 .83

870 1.00 1.65 47

671 1.48 2.18 .40

672 «20 46 .87

673 100 .20 .49 .84

674 1 .48 1.08 .74

675 1.01 1.74 .48

676 Y 1.48 2.22 .38

877| 200 o} .20 .24 .83

6878 .53 54 .69

679 l 1.00 295 .64

680 1,48 1.26 .55

681 50 .48 54 .74

682 .99 .90 .56

683 1.47 1.26 .51

684 .20 .26 91

685 100 .19 .25 .90

686 .48 .58 .81

687 1.00 .98 .80

688 Y 1.48 1.32 .51
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20B6-Volt,
80-cycls
supply

110-Volt,
80-cyole
praheater

Ritrogen supply

(a) Preliminary.
Figure 1. - Arvangement of apparatus.
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Distilled-
water

Water degresing and
storage tenks

=

Vacmm pump for
water degassing

Diecharge tarnk

Throttling and
Flow=-control
valven

f ity §
| I } CO-6850/
Kitrogen
supply

(b) Finml.

Figurs 1. -~ Concluded. Arrangement of apperntus.
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Section at A-A

(a) Typical test section.

Figure 2. ~ Test section.
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Outlet thermocouple,
iron constantan

D

N4
Water outlet to &i o o)
back-pressure tank §
N }
N (o] (o]
N \ SO——
;’ 3/8-Inch stainless-~
“2

steel Ermetto fittings

Tegt-section

Test power supply
section
Spring-loeded
wall thermocouple
Y
E:O H
I ) E: C
A
Prehester
Preheatar power
when used supply
Electrical connection
pads for heating test
L section

N
)

v,

7 \\
b

VI

Inlet thermocouple,
iron constan'ba.n—\

W W

Y
Z N \‘s

s sl

(CD- 6252;

Water inlet

(b) Installation details.

Figure 2. ~ Concluded. Test section.
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Burncut heat flux, &8, Btu/(br)(sq ft)

iges”

ax108
L~
O]
Apparatus Nitrogen P/ /T{
t in water
. arrangemon Ve /C /A/
Final Ko
g Relocated Yes /D/J ad
ragtriction //
A Prelininary Tee Ao '
1 V4
8 p pd
pd -
) —
6 & WV el
v LA
5 T
N /J 151/ /ﬁ/
S AT R
//
(o]
///
.2 [0l
A
L/
/ ’
1 /
. .04 ,08 .08 .1 .2 .4 .6 .8 1 2 4 6 108
Mese flow, G, 1b/(hr)(sq £t)

(a) Apparatus arrangement apd nitrogen diffusion. Iength-dismeter ratio, 100; inside dismeter, 0.123 inch;
inlet temperatura, 72° F; exit pressure, atmospheric; accumlator pressure, 300 pounds per square inch.

Figure 3. - Effect of apparatus arrangement on burnout.
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Burnout hest flux, /8, Btu/{hr){sq £t)

l()XlO6 1 T ] T T 11
8 Apparatus Tnside /_U,o’
arrangement  dlameter, Y
in- el
° (
o Final 0.051 _~C
7 ’ Ref. 3 . 040 . Y
4 & /V
//Q yd
P /
L~
L
2 L]
A © o
/C' e g
&
y // ?//
1 n/ /
'8
)
7
.6 4
LG
o8 .1 2 4 6 .8 1 2 4 6 & 10

e Fra LY

Mass fiow, G, 1b/(hr)j{sq £t)

20x1.0°

(b) Comparison of finel arrangement with system of reference 3. ILength-dismeter ratio, 50; inlet
temperature, 72° F; exdt pressure, atmospheric.

Flgure 3. - Concluded.

Effect of apparatus arrangement on burnout.
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287 NI VOVN




Burnout hest flux, &f8, Btu/{r)(sq rt)

4863

3 I 1 1711
Compregalbla volime
with no heat addition,
GX].QB ce
~ O 0
. O 55 P
Test oxprasaible & 88
4 sec- i volume — g 37§ -
o a o 1 pod 2 A
A 120 b4
A 150 ..C/ //
s I yd /
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Y ‘| /
1 ) Y
A O
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.6 r/ /
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4
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/ e 1/
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2 Lo——0-o—o—1" 0
. P
;/
21
.04 .08 .08 .1 .2 1 2 4 6 8 1oK10P

) .6 .8
Mass flow, @, 1b/(hr)(sq £t)

Figire 4. - Effect of compressible volume on burnout. Iength-diamster ratio, 100; inside diameter,
0.098 inch; inlet temperature, 72° F; exit pressure, atmospheric; accumulatar pressure, 300 pounds
per square inch.
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Burnout heat flux, Q/s, Btu/(br)(sq £t)

a0t | ! | [ I
Flow stability Length-
Il diometer
7‘ P'\S.t af;le 1 _ ratic
5 Unstable  j - > —= o 50
/" M~ 0 100
/ ~ .y A 150
) A 200
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¢ 1 raﬂ"&\
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1 9// o al 7/__4/ /_J
a'_\[/;__
O l
0 50 l(l'.)O 150 200 250 300 350 400

Pressure drop across restriction and test section, 1b/sq in.

450

(a) Varying flow restriction far verious test-section,lengths. Mess-flow rate, 1. 78000 pounde per hour per

square foot.

Figure 5. - Effect of flow restriction on fiow stabllity and bwrnout. Tube diemeter, 0.076 inch.
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CA-6 back

NACA TN 4382

Burnout heat flux, Q/8, Btu/(hr)(eq ft)

43
Tmow stablility
] I
ex108 Unsteble 4_—L—_>Stable
o do— -
</ - -
5 // ,.'_./ l'
) |
7
“ =g '
¢ pd /
Y /
/ AO—(L} — —O— Mass ]
3 4 flow,
/] 1b
/ {(or)(sq £©) _
/ / o 8.75X10°
2 a) 5.85 _
7 4 3.50
o 1.78
n E o .51
y/v = P < .13 7
/,D
1 P 7
7/
o o
o 50 100 150 200 250
Presgure drop across restriction and test section, lb/sq in.
(b) Varying flow restriction for vsrious mass-flow rates. Length-diameter ratio, 50.
Figure 5. -~ Concluded. Effect of flow restriction on filow stability and burnout. Tube

dlameter, 0.076 inch.



_Fressure drop, 1lb/ag in.
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Flgure 6. - Varigtion with flow rate of test-section pressure drop and minimm flow-restriction pressure drop

required to stabilize flow.
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Figure 7. - Typical burnout conditions. Heat flux, 0.42x1¢f Btu per hour
per squsre foot; mess flow, 0.21x10° pounds per hour per square foot; in-
slde diemeter, 0.116 inch; length, 11.6 inches; wall thickness, 0.020
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Burnout heat flux, &/8, Btw/(hr)(eq £4)
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Pigure 8. - Representative varintion of burnout beet flux with mmss flow and length-to-dismeter ratio.
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Filgure 8, ~ Effect of tube goometry on burnout.
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Figure 9. - Concluded. Effect of tube gecmetry oo burnout.
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Figure 10. - Bffect of varistion of inlet temperature on burnout.
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Flgure 1l. - Bffect of veriation of exit pressure on birnoub. Inlet temperature, 72° F.
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